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(Received 29 August 2004; published 8 July 2005)0031-9007=We report time resolved measurements of second-harmonic and hard x rays emitted during the
interaction of an intense laser pulse (1016 W cm2, 100 fs) with a preplasma generated on a solid target.
We observe that for a particular length scale the second harmonic goes through a minimum, while hard
x-ray emission on the contrary maximizes. Theoretical or numerical modeling of this anticorrelation in
terms of wave breaking of strongly driven electron plasma waves clearly brings out hitherto unexplored
links between the physical mechanisms of second-harmonic generation and hard x-ray emission.
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laser pulse with a solid target is rich in nonlinear pheno-
mena [1], like generation of harmonics [2], generation of
fast particles and hard x rays [3–5], and the concomitant
generation of multimegaguass magnetic fields [6]. Cur-
rently there is immense interest, both from a fundamental
point of view and practical applications, in understand-
ing the physics behind these phenomena. Insight into the
mechanism of generation of hot electrons, harmonics, and
hard x rays have important implications for the fast ignition
concept of laser fusion [7], and other applications [8].
Fundamentally, the physical mechanism responsible for
second-harmonic emission and hot electron generation
(and hence hard x rays) is intimately related to the excita-
tion and breaking of electron plasma waves excited at the
critical layer through resonance absorption of the incident
laser pulse. In this Letter we report our study, which for the
first time experimentally illustrates this relationship. We
present simultaneous time resolved measurements of laser
light absorption, second-harmonic generation efficiency
and hard x-ray yield as a function of plasma scale length.
We demonstrate that this technique of looking for correla-
tions between a nonlinear coherent process (harmonic
generation) and an incoherent one (hard x-ray emission),
as a function of various parameters like scale length,
intensity, and polarization, provides clinching evidence of
wave breaking and its effects on plasma processes. A de-
tailed quantitative study reported here backed by self-
consistent theoretical and numerical modeling clearly elu-
cidates the effect of wave breaking on the emission of
harmonics and x rays. These results also provide new
pointers for control of harmonic and hot electron yields.
When a p-polarized light is incident on an inhomoge-
neous plasma slab, electron plasma waves are excited at the
critical layer via a well-known resonance absorption
mechanism [9]. The oscillatory energy contained in these05=95(2)=025005(4)$23.00 02500electrostatic waves, gets damped through various colli-
sional (like electron-ion collisions) and collisionless (like
Landau damping) mechanisms and is converted into ki-
netic energy of hot electrons. These hot electrons then
produce hard x rays through bremsstrahlung. Besides aid-
ing the generation of hard x rays, the density oscillation of
the excited plasma wave (n ~rn0e ~E=m!2
) also non-
linearly couples with the oscillatory velocity of the plasma
electrons ( ~v1  e ~E=m!2) resulting in a nonlinear current
density ~j2  en ~v1 which eventually radiates second
harmonic of the incident light. Here ~E is the local electric
field oscillating at frequency ! and 
 is the local dielectric
constant. It appears that, larger the amplitude of the excited
plasma wave, larger should be the emission of hard x rays
and second-harmonic radiation. The amplitude of the ex-
cited electrostatic wave (through its dependence on the
fractional absorption fa of the light wave) depends on
the density scale length L= at the critical layer [9]; albeit
the dependence may not be same as the dependence of fa
on L=. But it is expected that with increase in L= (for a
fixed ), the amplitude should increase, go though a maxi-
mum, and then decrease. This behavior of the plasma-wave
amplitude with L= should also be reflected in the varia-
tion of x-ray generation and second-harmonic emission
with L=.
The above physical picture is appropriate when oscilla-
tion energy is slowly drained out of the wave through linear
mechanisms like Landau damping or electron-ion colli-
sions. The situation drastically changes, when the damping
process becomes nonlinear. It is well known that the am-
plitude of an electrostatic wave is limited by the wave
breaking condition kpeEz=m!2  1, where kp and Ez
are, respectively, the wave number and amplitude of the
electrostatic wave at the critical layer [9,10]. Therefore for
sufficiently high laser intensity, the excited plasma wave
will most likely satisfy the wave breaking condition at the5-1  2005 The American Physical Society
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FIG. 1. (a) Integrated yield of x rays from 30 to 300 keV
(b) Second-harmonic efficiency, each normalized with respect to
yield in the absence of a prepulse, as a function of time delay.
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point of maximum resonance absorption, leading to non-
linear damping of the wave. Physically, at wave breaking
amplitudes the bulk of the background electrons are in-
stantaneously ( within a fraction of a plasma period)
brought into resonance with the wave and are accelerated
to velocities comparable to the phase velocity of the wave.
The wave thus gets nonlinearly damped, its energy being
efficiently converted into very energetic electrons which
results in sharp enhancement in the hard x-ray emission.
Interestingly, this nonlinear damping of the plasma wave
through a wave breaking mechanism has an opposite effect
on the second-harmonic emission. Physically, second-
harmonic emission depends on the survival of the electro-
static wave. Since at the wave breaking point, the wave gets
rapidly damped, the nonlinear current source ~j2 gets
disrupted, resulting in a dip in the second-harmonic emis-
sion. This anticorrelation between hard x-ray emission and
second-harmonic generation should therefore act as a sen-
sitive indicator of the occurrence of wave breaking process.
Previous studies, notably by Gizzi et al. [11] involving
measurement of hard x-ray emission and second-harmonic
efficiency as a function of polarization of the incident laser,
have shown a dip in the second-harmonic efficiency when
the incident light is nearly p polarized. These results were
explained using similar arguments as above, albeit only
qualitatively. Theoretically, wave breaking phenomenon
has been much discussed since the seminal paper by
Dawson [10]. Experimentally, however, besides the work
by Gizzi et al. and a few others [5] who have invoked wave
breaking briefly and qualitatively, there does not exist any
experimental study that has dealt with this important phe-
nomenon directly. Thus, to our knowledge, ours is the first
experimental study that quantitatively establishes wave
breaking and its link with hot electron, hard x-ray and
second-harmonic generation.
Our experimental setup consists of a main pulse
(1016 W cm2, 100 fs, 800 nm) incident at an angle of
45 with respect to the target normal. The prepulse which
forms a plasma on the target surface is 50 times weaker
than the main pulse, and is incident normally on the target.
The target used is BK7 glass of 2 in 2 in 5 mm in
size. The scale length of the plasma is varied in a controlled
manner by changing the time delay between the main pulse
and the prepulse via a precise translation stage. Using
photodiodes (Hamamatsu), we monitor the input laser
fluctuation, reflection coefficient of the prepulse, and re-
flection coefficient of the main pulse. The second harmonic
generated by the main pulse is monitored with a photo-
multiplier tube (Hamamatsu) and with a spectrometer
coupled to a CCD. A NaI (Tl) detector appropriately gated
with respect to the laser pulse and placed at 22.5 with
respect to the target normal is used to measure the hard
x-ray emission in the energy range from 30 to 300 keV.
We now present our experimental results on hard x-ray
and second-harmonic measurements as a function of the
prepulse to main pulse time delay at fixed polarization (p02500polarization) of the main pulse in Figs. 1(a) and 1(b). We
have plotted integrated hard x-ray yield over 30–300 keV
energy range [Fig. 1(a)] and second-harmonic efficiency
 / I2!=I2! [Fig. 1(b)], as a function of the time
delay (bottom axis). In both the plots the data are normal-
ized with respect to yields obtained with main pulse acting
alone. The hard x-ray yield shows an initial rise, a maxi-
mum around 24 ps, and finally a slow decay for large
values of time delay. The second-harmonic efficiency 
shows similar behavior for small and large time delay. The
most interesting feature, however, is the observed dip in
second-harmonic efficiency around the same point where
hard x-ray emission maximizes. Around 24 ps, second-
harmonic efficiency dips to half its maximum value,
whereas the hard x-ray yield is enhanced by 2 orders of
magnitude as compared to its baseline value, indicating a
large amount of hot electron generation. To establish that
there is indeed copious generation of hot electron current
around 24 ps, we have performed spectrally resolved
hard x-ray measurements. The energy resolved spectra
show a good fit to double exponential decay of the form
NE 	 A1 expE=Thot1  
 A2 expE=Thot2 , where Thot1
and Thot2 are two hot electron components and A1 and A2
are their relative weights. The results are summarized in5-2
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Table I. The first row corresponds to the case when main
pulse is acting alone and the second row corresponds to the
case when the prepulse to main pulse delay is 24 ps.
Comparison of the hot electron temperatures shows a very
prominent high temperature component in the second case,
indicating a burst in hot electron current generation at the
scale length corresponding to 24 ps delay.
The variation of hard x-ray yield [Fig. 1(a)] and second-
harmonic efficiency  [Fig. 1(b)] with time delay, and the
hot electron temperatures at 24 ps is strongly indicative
of the occurrence of physical mechanisms described ear-
lier. To further substantiate our physical picture, we have
also simultaneously measured the reflectivity of the main
pulse as a function of time delay [see Fig. 2(a)]. As
expected, with the increase in scale length, resonance
absorption initially increases, with broad maximum at
time delays where second-harmonic emission dips and
hard x-ray yield peaks, and then decreases for larger values
of time delay. Hence we conclude that around 24 ps delay
large amplitude electrostatic waves are being excited and
undergo nonlinear damping via wave breaking mechanism
thus producing large amount of hot electrons, resulting in a
peak in x-ray emission and a dip in second-harmonic
generation. We also note here that the second-harmonic
emission was observed to be specular in our experiments,
another indication of the fact that second-harmonic radia-
tion is generated by electron plasma waves produced by a
linear conversion mechanism like resonance absorption.
We now present a theoretical analysis and model our
results in terms of resonance absorption and wave break-
ing. We model the x-ray yield as a quantity Y which is
taken to be proportional to the intensity of the absorbed
light Iabs 	
R1
0 effE
2
z=8dz, where eff is the effective
rate at which energy is drained out of the plasma wave
through linear/nonlinear processes and Ez is the elec-
tric field associated with the plasma wave. It is well known
that for eff=!! 0 (linear processes) intensity of the
absorbed light is independent of the process of absorption.
In general, however, for nonlinear processes intensity of
the absorbed light is dependent on the process of absorp-
tion. This is because the amplitude of the excited plasma
wave, as it approaches the resonance region, instead of
increasing as Ez  1=
, gets clamped to the value dictated
by the wave breaking condition kpeEWB=m!2p  1,
where kp  2DL1=3 is the wave number of the plasma
wave. Therefore, the absorption integral can be written
as Iabs 
R
l
0 eff
E2z
8 dz

R1
l eff
E2WB
8 dz where EWB TABLE I. Comparison of two hot electron temperatures ob-
tained without prepulse and with prepulse at 24 ps. Also given is
relative weightage of second temperature component.
Delay (ps) Thot1 (keV) Thot2 (keV) A2=A1
0 3 0:4 20 8 5 105
24 5 0:5 37 7 1 103
02500m!2p2DL1=3=e and ‘‘l’’ is the point of initiation of
wave breaking. We believe that it is the second integral
which contributes maximally to the x-ray yield which may
be approximated as
R1
l eff
E2WB
8 dz  eff m
2!4p
8e2
2DL2=3
2DL1=3  effL, where the range of integration is taken
as wavelength of the plasma wave near the resonant region.
These arguments give a phenomenological expression of
x-ray yield as
Y 	 AL=cr:fL=cr: (1)
where A is some proportionality constant and eff 	
fL=cr: is an unknown function of the argument, which
is to be determined from experiments. For second-
harmonic efficiency , we use the model developed by
Erokhin et al. [12], which gives the scaling of second-
harmonic efficiency  with L=cr: and eff=!cr: as
 / "2 expb
 deff=!cr:" (2)
where " 	 2L=cr: and ‘‘b’’ and ‘‘d’’ are two constants
of order unity. Although Erokhin’s model [12] is strictly
valid under the assumptions of long gradient scale length
( 2L  1) and weak nonlinearity, the form of Eq. (2) does
not change even if these assumptions are violated. This is
because the form of energy flow in the second harmonic
which is given by h ~S2i 	 c8 h ~E2  ~H2i depends on expo-
nentially dropping fields; and the fact that the second-0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
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FIG. 2. (a) Reflectivity of the pump pulse with delay (scale
length) of the preplasma. (b) Variation of effective damping term
eff=!cr: with L=.
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depend on the assumptions of long gradient scale length
and small nonlinearity. Thus in the absence of a detailed
theory, we have adopted Erokhin’s model [12] in a phe-
nomenological fashion, using only the scale dependence
and evaluating the parameters from experimental fit. We
now evaluate these parameters (L=cr: & eff=!cr:)
from the reflectivity curve of the main pulse [Fig. 2(a)].
Using the condition for maximum resonance absorption
as 2L=cr:1=3 sin 0:8, we make an estimate of
L=cr:  0:23. This value of L=cr: corresponds to the
time delay when resonance absorption maximizes
(24 ps). This in turn, gives an estimate of the expansion
velocity vexp  8 105 cm= sec at prepulse intensity
2 1014 W=cm2, which compares very well with the
direct estimation of velocity through Doppler shift mea-
surements [13]. Using this expansion velocity, the time
delay axis is calibrated with corresponding scale length
values at the critical layer L=cr: (see top axis of
Figs. 2(a), 1(a), and 1(b)]. This yields a very good estimate
of scale lengths as shown by actual measurements in glass
samples by Bastiani et al. [5].
Reflectivity as a function of scale length L=cr: is now
utilized to evaluate the effective damping coefficient
eff=!cr:, for each value of reflectivity by numerically
solving the wave equation for complex magnetic field ~B of
a p-polarized light propagating through an inhomogeneous
plasma slab viz., d2 ~B
dz2

 k2
z  sin2  1
 d
dz d ~Bdz 	 0
[14,15]. Here ‘‘z’’ is the direction of the density inhomo-
geneity and 
 	 1 '
 i'=! with ' 	 !2p=!2z
1
 2=!2z1 is the complex dielectric constant.
Choosing a linear density profile and taking z=! as
proportional to density, we numerically evaluate the reflec-
tivity of the main pulse for each value of L=cr: treating
eff=!cr: as a parameter [15]. Matching the calculated
value of reflectivity with the observed value gives
eff=!cr: as a function of L=cr: as shown in Fig. 2(b).
The error bars in this figure correspond to the error bars in
the reflectivity curve. The high value of eff=!cr:  0:15
(this is an order of magnitude higher than ei=! for Te 
100 eV, which is typically the bulk temperature at our
intensities) at the peak, corresponding to the maxima of
resonance absorption satisfies the wave breaking condition
eH0=mc!="=)0eff=!2  1 where )0 	 sin
[9,12] and hence gives a clear indication of damping of
the excited electrostatic waves at the critical layer by wave
breaking. These values of eff=!cr: are now used to fit the
x-ray yield and second-harmonic efficiency  according to
the models described by Eqs. (1) and (2). To do this, we
first represent the gross behavior of eff=!cr: as a function
of L=cr: obtained numerically with a smooth function of
the form eff=!cr: 	 a expL=cr:  c2=w2 with
a 0:15, c 0:2, and w 0:1 (solid line in Fig. 2(b)].
We use this Gaussian form in Eqs. (1) and (2) to fit the hard
x-ray yield ‘‘Y’’ and the second-harmonic efficiency .
The excellent fits obtained for both Y and  [see the solid02500lines in Figs. 1(a) and 1(b)], clearly vindicates the physical
model described in this Letter.
In conclusion, we have done simultaneous time resolved
study of hard x-ray yield and second-harmonic emission
from laser produced plasmas as a function of plasma scale
length. The observed anticorrelation of x-ray generation
with second-harmonic emission as a function of scale
length, exhibits a clean signature of wave breaking. In
fact, our experimental work represents first one of its
kind where onset of wave breaking has been dynamically
timed by varying the prepulse to main pulse time delay.
Theoretical or numerical modeling of our experimental
results is in good agreement with the theory of resonance
absorption and wave breaking, and thus has clearly brought
out the role played by wave breaking of large amplitude
plasma waves, in hot electron generation, hard x-ray emis-
sion and second-harmonic generation. Our data further
highlights the effect of wave breaking in limiting the
second-harmonic generation and shows that increasing
the laser intensity for enhancing second harmonic would
fail to be very productive in absence of proper optimization
and this optimization is very different, in fact quite oppo-
site to what is observed for x-ray yields.5-4*Present address: JILA, University of Colorado, Boulder,
CO 80309, USA
arvinder@jilau1.colorado.edu
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